Chitin is produced by a variety of organisms using enzymes called chitin synthases and was recently discovered in certain vertebrates. In our ongoing investigations into the presence of vertebrate chitin, we unexpectedly found it within the electrosensory organs, known as Ampullae of Lorenzini, of diverse cartilaginous fishes. We used histochemical reagents, chemical analyses, and enzymatic digestions to confirm our findings. Further, in situ hybridization with a sequence from the little skate (Leucoraja erinacea) revealed that chitin synthase expression is localized to cells inside the organs. These findings indicate that cartilaginous fishes endogenously synthesize chitin and beg further investigation into the function of chitin in the electrosensory system.
INTRODUCTION
We previously reported that the polysaccharide, chitin, a key component of arthropod exoskeletons and fungal cell walls, is endogenously produced by fishes and amphibians in spite of the widely held view that it was not synthesized by vertebrates [1] .
Genes encoding chitin synthase enzymes were found in the genomes of a number of fishes and amphibians and shown to be correspondingly expressed at the sites where chitin was localized [1, 2] . In this report, we show that chitin is prevalent within the specialized electrosensory organs of cartilaginous fishes (Chondrichthyes). These organs, the Ampullae of Lorenzini (AoL), are found ventrally and dorsally and are most concentrated toward the rostral end of the animals [3] . The AoL comprise a series of gel-filled canals emanating from surface pores in the skin (Fig. 1A) which extend into bulbous structures (alveoli) containing sensory cells capable of detecting subtle changes in electric fields ( Fig. 1B) [4] .
Our findings extend the number of vertebrate taxa where endogenous chitin production has been detected and raise many questions regarding its structural composition and function within the class Chondrichthyes and other aquatic vertebrates.
RESULTS
Affinity histochemistry was carried out with chitin probes [1] We investigated and validated the existence of AoL chitin using multiple methods.
First, we used chitin-digesting enzymes (chitinases) on AoL-containing histological sections. When chitinase was applied to the sections, we observed the elimination of detectable chitin ( Fig. 1G ) compared to controls ( Fig. 1F ). This was done with AoLcontaining tissues from multiple chondrichthyan species. Likewise, chitinase digestion of a colloidal solution of raw AoL hydrogel from a big skate (Raja binoculata) resulted in a marked increase of chitinolytic products relative to no-enzyme controls (Supplement). We also chemically extracted polysaccharides from big skate hydrogel for analysis by FTIR (Fourier transform infrared spectroscopy). The resulting spectrum showed characteristic chitin peaks ( Fig. S2 ). Chitin exists in three main allomorphic forms (a-, b-, g-) [5] and by comparing the AoL spectrum to those of known aand b-chitin controls, we observe a pattern most closely resembling that of b-chitin. This is consistent with the fact that bchitin is usually associated with softer, more pliable structures than a-chitin [5] . Lastly, we used two unrelated histochemical probes to detect chitin in whole-mount and histological preparations of multiple chondrichthyan species, including the spotted ratfish, Hydrolagus colliei ( Fig. S1D, E ). Both probes yielded highly similar patterns despite their disparate amino acid sequences [1] .
In order to verify that the chitin within the AoL was indeed generated by endogenous chitin synthase activity, we used antisense riboprobes for in situ hybridization (ISH) on both whole-mount ( Fig. 1H , I) and sectioned material ( Fig. 1J ,K) of embryonic L. erinacea. The whole-mount ISH patterns using the LeCHS riboprobe (Supplement) indicated expression at the AoL pores (Fig. 1H) , and chitin seems to be intimately associated with these sites (Fig. 1I ). The ISH signals in this particular experiment were restricted to the pore sites, however, we have observed that probe penetration can be variable likely due to the fish's thick skin. We thus used sectioned materials and found LeCHS signals in the epithelial cells lining AoL canal walls at various canal depths (Figs. 1J, S1C). Additionally, the ISH signals in Fig. S1C , which are cross sections of AoL at different levels and transverse angles, indicate that cells inside the alveoli do not exhibit appreciable chitin synthase gene activity.
DISCUSSION
In this paper, we show that chitin is found within the AoL of cartilaginous fishes. The taxa which have thus far been found to exhibit chitin in their AoL are given in Fig. S1F and are representative of both elasmobranch and holocephalan lineages. The presence of chitin within the AoL of both subclasses (and in diverse orders within the Elasmobranchii) suggests that this condition evolved in the ancestor to all cartilaginous fishes, perhaps in the placoderms [6] . A more detailed treatment of chitin synthase genes within Chondrichthyes will be reported elsewhere.
The Ampullae of Lorenzini are sensory organs that detect weak electric fields at the skin surface and transduce them into neuronal signals that project onto the brain. The subsequent topographical map of the organism's electrical surroundings are thought to be used for various biological functions, most notably the detection of prey, localization of conspecifics for mating, and navigation [4] . While the electrophysiology of voltage-gated ion channels in the alveolar electrosensory cells has been the subject of active investigation, the actual physico-chemical mechanism by which the signals are first detected at the pores and traverse through the hydrogel within the canals still remains to be worked out [7, 8] . We and our collaborators have previously shown that the AoL hydrogel is extremely proton-conductive [9] , and that this property may putatively contribute to the electrosensing mechanism by providing an electrical environment that is markedly more conductive than the surrounding seawater. The role of chitin in this overall scheme is enigmatic as it does not have a chemical structure that is conductive and it is insoluble in aqueous solutions. However, by forming a composite material it may contribute to the gel's space-filling properties (Fig. S1A,B) and serve as an insulating scaffold for the attachment of proteins and sulfated glycosaminoglycans (proteoglycans) that are also components of the gel [10] . Regardless, our new findings expand the scope of vertebrate chitin to the Chondrichthyes and raise many questions with respect to the 6 overarching uses and properties of this versatile biopolymer and why it has been evolutionarily lost in the land-dwelling vertebrates.
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